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ABSTRACT
A hyperaccretion disk formed around a stellar mass black hole is a plausi-
ble model for the central engine that powers gamma-ray bursts (GRBs). If the
central black hole rotates and a poloidal magnetic field threads its horizon, a
powerful relativistic jet may be driven by a process resembling the Blandford-
Znajek mechanism. We estimate the luminosity of such a jet assuming that
the poloidal magnetic field strength is comparable to the inner accretion disk
pressure. We show that the jet efficiency attains its maximal value when the
accretion flow is cooled via optically-thin neutrino emission. The jet luminosity
is much larger than the energy deposition through neutrino-antineutrino anni-
hilation (νν¯ → e+e−) provided that the black hole is spinning rapidly enough.
When the accretion rate onto a rapidly spinning black hole is large enough
(& 0.003−0.01M⊙s−1), the predicted jet luminosity is sufficient to drive a GRB.
Subject headings: accretion, accretion disks – black hole physics – gamma rays:
bursts – neutrinos
1. Introduction
Gamma-ray bursts (GRBs) are the most luminous objects in the Universe, releasing
& 1051erg in a few seconds. The spectral features and lightcurves of their prompt and
afterglow emission imply that they are produced in ultrarelativistic jets. The central engines
most likely to launch these jets are hyperaccreting black holes (Narayan, Paczyn´ski & Piran
1992; Narayan, Piran & Kumar 2001). In this model, a relativistic jet emerges from a system
with a massive accretion disk (0.1 − 1M⊙) surrounding a stellar-mass black hole, a system
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expected to form after a cataclysmic event such as the gravitational collapse of a massive
star or a merger of a neutron star-neutron star binary (Piran 1999).
The observed luminosity requires a very large mass accretion rate, ∼ 0.01 − 10M⊙s−1.
In such a case the accretion flow is extremely optically thick with respect to photons and it
cannot cool efficiently via radiation. However, since the density and temperature are very
large (ρ & 107g cm−3, T & 1010K) when the mass accretion rate is sufficiently high, neu-
trino cooling becomes efficient. Such disks are ‘neutrino-dominated accretion flows’ (NDAFs;
Popham, Woosley & Fryer 1999; Narayan, Piran & Kumar 2001; Di Matteo, Perna & Narayan
2002; Kohri & Mineshige 2002; Kohri, Narayan & Piran 2005; Gu, Liu & Lu 2006; Chen & Beloborodov
2007; Kawanaka & Mineshige 2007; Liu et al. 2007; Kawanaka & Kohri 2012; see also Chap-
ter 10.6 of Kato, Fukue & Mineshige 2008).
The accreting system must launch a relativistic jet to produce a GRB. Neutrino pair
annihilation (νν¯ → e+e−; Eichler et al. 1989; Ruffert et al. 1997; Ruffert & Janka 1998;
Popham, Woosley & Fryer 1999; Asano & Fukuyama 2000, 2001; Miller et al. 2003; Birkl et al.
2007; Harikae, Takiwaki & Kotake 2009) and magnetohydrodynamical mechanism such as
Blandford-Znajek process (Blandford & Znajek 1977; McKinney & Gammie 2004; Hawley & Krolik
2006; Tchekhovskoy, McKinney & Narayan 2008; Tchekhovskoy, Narayan & McKinney 2011;
Nagataki 2009) are the two processes most discussed in the literature. The goal of this work
is to estimate the luminosity of the jets emerging from a hyperaccretion flow driven by an
MHD mechanism, as well as the luminosity of thermal neutrinos emitted from the disk. The
first is estimated using the maximal magnetic field sustainable on the event horizon, which
is expected to be limited by the pressure in the disk near the ISCO, the innermost stable cir-
cular orbit (Krolik & Piran 2011, 2012). The second we calculate directly from the density,
pressure, and lepton number of the material in the disk.
In Section 2 we predict the jet power in the MHD model by solving for the structure of a
surrounding NDAF and compare this luminosity to the energy deposition rate via neutrino
pair annihilation above the accretion flow. We discuss the parameter dependence of our
model and its application to GRB jets in Section 3. We summarize our results in Section 4.
2. Model
We consider a rotating black hole whose horizon is threaded by a large-scale poloidal
magnetic field (Blandford & Znajek 1977). The Poynting luminosity expected from such a
system is ∼ c(B2/8π)R2g, where B is the poloidal magnetic field strength on the horizon
and Rg = GMBH/c
2 is the gravitational radius of the central black hole (McKinney 2006;
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Hawley & Krolik 2006). Following Krolik & Piran (2011) we estimate the jet luminosity as
Ljet = f(a/MBH)c(B
2/8π)R2g, (1)
where f(a/MBH) is an increasing function of |a/MBH| whose exact form depends on the spe-
cific field configuration (e.g. Blandford & Znajek 1977; Tchekhovskoy, McKinney & Narayan
2008; Tchekhovskoy, Narayan & McKinney 2011). There have been some attempts to calcu-
late f(a/MBH) analytically for specified field geometries (Blandford & Znajek 1977; Tchekhovskoy, Narayan & McKinney
2010), but these configurations were not required to be consistent with the dynamics of the
surrounding accretion flow. They were also relatively simple poloidal topologies, but as
Beckwith, Hawley & Krolik (2008) showed, high jet power requires that the vertical compo-
nent of the magnetic field maintain the same sign for long times; in other words, low-order
poloidal topologies are the most favorable to strong jets. Consequently, it is possible for
f(a/MBH) to vary over an extremely wide range, from very small numbers to ∼ O(1). When
the topology is optimal and a/M & 0.9, the f(a/MBH) arising from a dynamically self-
consistent field structure can be & 0.05, and even larger for spin parameters closer to unity
(Hawley & Krolik 2006).
Beckwith, Hawley & Krolik (2009) argued that the magnetic pressure near the horizon
may be limited by the inner disk pressure. The magnetic field energy may therefore be
estimated (or at least bounded) by the disk pressure pdisk near the ISCO:
βh
B2
8π
= pdisk(Rin), (2)
where Rin is the radius of the pressure reference point and βh is the ratio of the midplane
pressure at Rin to the magnetic pressure in the black hole’s stretched horizon.
To evaluate the midplane pressure of the hyperaccretion flow, we solve for the disk
structure in the innermost region (R ∼ O(Rg)), where the jet is expected to be launched.
As we show below, the behavior of an hyperaccretion disk is mainly determined by its mass
accretion rate M˙ . To highlight what we believe to be the principal physical mechanisms
(and also eliminate mathematical complications), we adopt a highly simplified model for
this structure in the expectation that the trends we uncover while exploring a factor of 105
range in M˙ will be robust with respect to refinements in the model. In particular, we assume
that both the disk dynamics and the gravitational potential are Newtonian despite the fact
that this near a black hole general relativistic effects are important. We also assume that the
system is stationary and axisymmetric. We adopt the Shakura-Sunyaev formalism for the
disk structure, which formally applies only to thin disks, assumes that the inflow speed is
very small compared to the orbital speed, and parameterizes the r-φ component of the stress
(Shakura & Sunyaev 1973). When the disk becomes geometrically thick, in the advection-
dominated regimes, we use in our analytic estimates (but not in the numerical solution) a
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dimensional analysis. Remarkably the results are similar up to a numerical coefficient to
those obtained using the Shakura & Sunyaev model. We further set the correction factor X
appearing in Equation 4 to always be unity, when it should in fact be somewhat less than
that. These are rough approximations, but we nonetheless expect our results to give the
right qualitative picture in this scenario.
Here we present the basic disk equations for the density ρ, the temperature T , and
the scale height H . These are the expressions for mass conservation, angular momentum
conservation, energy conservation, and hydrostatic balance applied at Rin:
M˙ = −2πRinΣvR, (3)
2αHpdisk =
M˙Ω(Rin)
2π
X(R/Rg), (4)
Q+ = Q−, (5)
pdisk
ρ
= Ω(Rin)
2H2, (6)
(7)
where Σ, vR, Ω(R), and α denote the surface density (= 2ρH), radial velocity, angular
velocity (= GMBH/R
3), and ratio of integrated stress to integrated pressure, respectively.
In Newtonian dynamics, the factor X(R/Rg) accounts for the reduction in stress due to the
net angular momentum flux through the disk; although the net angular momentum flux per
unit mass accreted has traditionally been identified with the specific angular momentum of
orbits at the ISCO Novikov & Thorne (1973), it also depends upon MHD effects (Krolik
1999; Gammie 1999; Krolik, Hawley & Hirose 2005).
The pressure pdisk is the sum of the contributions from radiation, baryonic gas, degen-
erate electrons, and neutrinos (if they are trapped):
pdisk ≃ 11
12
aT 4 +
ρkBT
mp
+
2πhc
3
(
3
8πmp
)4/3
(Yeρ)
4/3
+
uν
3
, (8)
where a ≃ 7.56×10−15erg cm−3 deg−4 is the radiation constant, kB is the Boltzman constant,
and mp is the mass of a proton. The first term on the right hand side represents the
contribution from both photons and relativistic electron-positron pairs; the coefficient is
11/12 when the temperature is higher than ∼ 1010K. In the third term, which corresponds
to degeneracy pressure, Ye is the electron fraction, which should be evaluated from the
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β-equilibrium condition1
1− Ye
Ye
= exp
(
−Q− µe
kBT
)
, (9)
where Q ≃ 1.29MeV is the difference between the neutron and proton masses, and µe is
the chemical potential of the electrons (we assume that the chemical potential of neutrinos
can be ignored and that heavy nuclei are totally dissociated in the innermost region of the
accretion flow; see Kawanaka & Mineshige 2007). The last term represents trapped neutrino
pressure; uν is the neutrino energy density, defined below.
Q+ is the heating rate per unit area:
Q+ ≃ 3GMBHM˙
4πR3
≃ 9.8× 1036erg cm−2 s−1 (M˙/10−3M⊙s−1)
×(MBH/3M⊙)−2(R/6Rg)−3. (10)
Q− is the cooling rate per unit area, including both neutrino and advective cooling: Q− =
Q−ν +Q
−
adv. The advective cooling rate Q
−
adv, which equals the inward flux of the gas energy
along the flow, can be described as:
Q−adv ≡ TΣvR
ds
dR
≃ TΣvR s
Rin
. (11)
Here s denotes the entropy per unit mass. There are several significant neutrino emission
processes expected in such a hyperaccretion flow (see also Kawanaka & Mineshige 2007 and
references therein): electron/positron capture on nuclei (p + e− → n+ νe; n + e+ → p + ν¯e,
also known as the Urca process), electron-positron pair annihilation (e− + e+ → νi + ν¯i,
where i represents electron-, mu-, and tau-type neutrinos), nucleon-nucleon bremsstrahlung
(n + n → n + n + νi + ν¯i), and plasmon decay (γ˜ → νe + ν¯e). We should also take into
account the neutrino optical depth in the accretion flow, which can be larger than unity
when the mass accretion rate is sufficiently large. Here we adopt a prescription based on
the two-stream approximation (Di Matteo, Perna & Narayan 2002; Kohri, Narayan & Piran
1Note that this approximation is valid only when the flow is optically thick with respect of νe, and
when neutrino emission is not efficient the electron fraction should be nearly equal to 0.5. In the numerical
calculations we make use of a bridging formula in evaluating Ye to connect these two extreme regimes
smoothly.
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2005):
Q−ν = 2
∑
i
(7/8)σT 4
(3/4)(τνi/2 + 1/
√
3 + 1/3τa,νi)
, (12)
uν =
∑
i
(7/8)aT 4(τνi/2 + 1/
√
3)
τνi/2 + 1/
√
3 + 1/3τa,νi
, (13)
where τνi = τa,νi + τs,νi and the neutrino flavor is labeled by subscript i = (e, µ, τ). τa,νi and
τs,νi represent absorptive and scattering optical depths respectively. The detailed description
of these neutrino opacities can be found in Kawanaka & Mineshige (2007).
When the optical depth is so large that the neutrino diffusion timescale in the accretion
flow is longer than the accretion timescale, neutrinos are completely trapped in the accretion
flow. In that state, advective cooling dominates: Q− ≃ Q−adv. The accretion flow would also
be advection-dominated when the mass accretion rate is small enough that the density and
temperature of the disk are so low that neutrinos are not efficiently emitted, but is still much
larger than the Eddington accretion rate.
We can divide the hyperaccretion flow into several regimes according to the dominant
physical processes taking place. In particular, the cooling processes (advection, optically-
thin neutrino emission and optically-thick neutrino emission) and the pressure components
(radiation, baryonic gas, and degenerate electrons) vary from one regime to another. In
the rest of this section, we solve the structure of a hyperaccretion flow in its innermost
region as a function of the mass accretion rate and examine the dominant physical processes
determining the behavior of the accretion flow in the different regimes.
2.1. Numerical Results
We numerically solve the fundamental equations of an hyperaccretion flow, Eqs. (3)-(6),
in the innermost region to find the density, temperature, and scale height as functions of the
mass accretion rate M˙ . In the course of doing so, we also identify the dominant physical
mechanisms operating over a wide range of M˙ values. As the relevant ranges of parameters
for the central engine of a GRB, we consider 0.01 . α . 0.3, 1 . MBH/M⊙ . 30, and
2 . Rin/Rg . 6. Our fiducial parameters are Rin = 6Rg, MBH = 3M⊙ and α = 0.1.
Figure 1 depicts the different cooling rates (neutrino emission and advection), optical
depths for different flavors of neutrinos, and pressure components (radiation, baryonic gas,
and degenerate electrons) as functions of mass accretion rate. We can see that neutrino
cooling becomes dominant over advective cooling above M˙ ≃ 0.003M⊙s−1.
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Fig. 1.— Physical properties in the innermost region of a hyperaccretion flow as functions of
the mass accretion rate. Top: cooling rates by advection (solid line) and neutrino emission
(dashed line). Middle: the optical depths for electron neutrinos (thick solid line) and µ/τ
neutrinos (dashed line). The boundary between optically thin and thick is also shown (thin
solid line). Bottom: the pressure from baryonic gas (solid line), relativistic particles (photons,
electron-positron pairs and neutrinos; dashed line) and degenerate electrons (dotted line).
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Fig. 2.— Jet luminosities and efficiencies as functions of mass accretion rate calculated
numerically (solid line) and analytically (dashed line). Here βh and f(a/MBH) are set to
unity.
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Figure 2 depicts the jet luminosity Ljet and efficiency ηjet ≡ Ljet/M˙c2, estimated from
Eq. (1). Inspection of Figures 1 and 2 reveals a sharp break in the nature of the disk and jet
at M˙ ∼ 0.003M⊙s−1, the transition from advection to neutrino cooling. In order to interpret
this break, we have constructed an approximate analytical model for hyperaccretion disk
structure. This model can qualitatively reproduce not only the physical properties of the
flow, but also the mass accretion rates at which one regime changes to another.
2.2. The Analytic Model
2.2.1. p ∼ prad and advection cooling (M˙ . 0.018M⊙s−1 for our fiducial parameters)
When the mass accretion rate is not large enough for the disk to cool efficiently via
neutrino emission, the accretion flow is advection-dominated, and the pressure is dominated
by photons and relativistic electron/positron pairs. In this regime, the accretion flow is
geometrically thick and the thin-disk approximation is not valid. Instead, we can estimate
the disk pressure using dimensional analysis2. Because the aspect ratio of the accretion flow
H/R ∼ 1, the density at Rin is ∼ M˙/(2πR2invR). As the gas does not cool efficiently, the ratio
of pressure to density (i.e. the square of the sound speed) is close to the virial temperature
kBTvir ∼ GMBHmp/Rin. Using the relation between vR and the circular orbital speed vorb,
vR/vorb ∼ α, the pressure can be evaluated as:
pdisk(Rin) ∼ ρc2s
∼ M˙
2πR2inα
(
GMBH
Rin
)1/2
∼ 5.4× 1027dyn cm−2 α−10.1(M˙/10−3M⊙s−1)
×(MBH/3M⊙)−2(Rin/6Rg)−5/2. (14)
Using this expression for pdisk we estimate the jet luminosity as
Ljet ≃ 3.2× 1049erg s−1 β−1h α−10.1(M˙/10−3M⊙s−1)
×(Rin/6Rg)−5/2f(a/MBH). (15)
The corresponding energy efficiency of the jet:
ηjet ≃ 0.018β−1h α−10.1(Rin/6Rg)−5/2f(a/MBH) (16)
2Remarkably, the results are qualitatively similar to those obtained using the thin disk approximation.
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is independent of the mass accretion rate.
The accretion flow is advection-dominated as long as the neutrino emissivity per unit
volume is smaller than half the advective cooling rate. In this regime, neutrino emission is
dominated by electron/positron capture, and the neutrino emissivity q−ν is given by
q−ν ≃ 9.0× 1033erg cm−2 s ρ10T 611, (17)
where ρ10 ≡ ρ/1010g cm−3 and T11 ≡ T/1011K (Popham, Woosley & Fryer 1999). The
density and temperature of the gas are:
ρ ∼ M˙
2πR2inαvorb
≃ 3.6× 107g cm−3 α−10.1(M˙/10−3M⊙s−1)
×(MBH/3M⊙)−2(Rin/6Rg)−3/2, (18)
T ∼
(
12pdisk
11a
)1/4
≃ 3.0× 1010K α−1/40.1 (M˙/10−3M⊙s−1)1/4
×(MBH/3M⊙)−1/2(Rin/6Rg)−5/8. (19)
Substituting these values into the expression for neutrino emissivity, we obtain:
q−ν ≃ 2.3 ×1028erg cm−2 s−1 α−5/20.1 (M˙/10−3M⊙s−1)5/2
×(MBH/3M⊙)−5(Rin/6Rg)−21/4. (20)
On the other hand, the advective cooling rate per unit volume is
q−adv ∼ TvRρ
∣∣∣∣ dsdR
∣∣∣∣
∼ 3.6× 1030erg cm−3 s−1 (M˙/10−3M⊙s−1)
×(MBH/3M⊙)−3(Rin/6Rg)−4. (21)
Here we use s = γpdisk/ρT (γ−1) where γ = 4/3 is the adiabatic index of relativistic particles.
A transition takes place when q−ν & (1/2)q
−
adv, i.e.
M˙/M⊙s
−1 ≃ 0.018α5/30.1 (MBH/3M⊙)4/3(Rin/6Rg)5/6. (22)
Above this accretion rate the accretion flow is no longer advection-dominated, as neutrino
cooling determines the structure of the flow. In addition, the dominant pressure source is
no longer radiation, but baryonic gas pressure. In the following, we call this transition mass
accretion rate M˙ign (”ign” stands for ignition of neutrino emission).
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2.2.2. p ∼ pgas and optically thin νe cooling (0.018M⊙s−1 . M˙ . 0.045M⊙s−1 for our
fiducial parameters)
In this regime the disk is mainly cooled by neutrino emission via electron/positron
capture, while the pressure is dominated by baryonic gas (see Kawanaka & Mineshige 2007
and references therein). In this case, the pressure can be expressed as
pdisk ≃ ρkBT
mp
. (23)
The neutrino cooling rate per unit surface area by electron/positron capture is given by
Eq. (17). Substituting Q− = Q−ν in Eq. (5), we solve the basic equations and derive the disk
properties in this regime:
ρ = 6.3× 1010g cm−3 α−13/100.1 (M˙/0.01M⊙s−1)
×(MBH/3M⊙)−17/10(Rin/6Rg)−51/20, (24)
T = 3.6× 1010K α1/50.1 (MBH/3M⊙)−1/5
×(Rin/6Rg)−3/10, (25)
H = 3.8× 105cm α1/100.1 (MBH/3M⊙)9/10
×(Rin/6Rg)27/20. (26)
The disk pressure is given by
pdisk ≃ 1.9× 1029dyn cm−2 α−11/100.1 (M˙/0.01M⊙s−1)
×(MBH/3M⊙)−19/10(Rin/6Rg)−57/20. (27)
Finally we estimate the jet luminosity:
Ljet ∼ 1.1× 1051erg s−1 β−1h α−11/100.1 (M˙/0.01M⊙s−1)
×(MBH/3M⊙)1/10(Rin/6Rg)−57/20f(a/MBH). (28)
The jet luminosity in this regime depends linearly on the mass accretion rate. The efficiency
ηjet ≡ Ljet/M˙c2 is:
ηjet ∼ 0.061β−1h α−11/100.1 (MBH/3M⊙)1/10(Rin/6Rg)−57/20
×f(a/MBH), (29)
and is independent of the mass accretion rate. The higher jet luminosity and efficiency in
this regime is the result of more efficient neutrino cooling, which leads to a geometrically
– 12 –
thinner accretion flow. Thinner disks accrete more slowly. In the end, the midplane pressure
pdisk increases, permitting it to confine a stronger magnetic field on the black hole’s event
horizon. This stronger magnetic field supports a more powerful jet.
The system is very optically thin to neutrinos at this stage:
τa,νe ≃ 4.5× 10−7T 211ρ10H, (30)
τs,νi ≃ 2.7× 10−7T 211ρ10H, (31)
where τa,νe and τs,νe are the optical depth due to nucleon absorption and scattering, respec-
tively (see Di Matteo, Perna & Narayan 2002). The total optical depth for electron neutrinos
τνe = τa,νe + τs,νe exceeds unity only when
M˙/M⊙s
−1 & 0.045α
4/5
0.1 (MBH/3M⊙)
6/5
×(Rin/6Rg)9/5, (32)
and then our expression for Q− would not be valid. This mass accretion rate marks the
transition to the third regime, which is optically thick to νe. In the following we call this
transition M˙thick.
2.2.3. p ∼ pgas and optically thick νe cooling (0.045M⊙s−1 . M˙ . 2.2M⊙s−1 for our
fiducial parameters)
In this regime the innermost region of the disk is optically thick to electron neutrinos,
and the opacity is dominated by absorption onto nucleons. While the disk is not so optically
thick that the neutrinos are totally trapped in the flow, the cooling rate is:
Q−ν = 2
4(7/2σT 4)
3τνe
, (33)
where τν is the neutrino optical depth.
First we consider the case in which the disk is optically thick only to νe and thin for νµ
and ντ . With cooling only by electron neutrino emission, the cooling rate is
Q−ν ≈ 7.4× 1034erg cm−2 s−1 T 2ρ−1H−1, (34)
which should be equated with the heating rate in the energy balance equation. Solving the
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fundamental equations of the disk we derive its density, temperature and scale height:
ρ ≈ 4.1× 1011g cm−3 α−1/20.1 (MBH/3M⊙)−1/2
×(Rin/6Rg)−3/4, (35)
T ≈ 4.8× 1010K α−1/30.1 (M˙/0.1M⊙s−1)2/3(MBH/3M⊙)−1
×(Rin/6Rg)−3/2, (36)
H ≈ 4.4× 105cm α−1/60.1 (M˙/0.1M⊙s−1)1/3(MBH/3M⊙)1/2
×(Rin/6Rg)3/4. (37)
The disk pressure in the midplane is
pdisk ≈ 1.6× 1030α−5/60.1 (M˙/0.1M⊙s−1)2/3(MBH/3M⊙)−3/2
×(Rin/6Rg)−9/4, (38)
and the jet luminosity is
Ljet ∼ 9.8× 1051erg s−1 β−1h α−5/60.1 (M˙/0.1M⊙s−1)2/3
×(MBH/3M⊙)1/2(Rin/6Rg)−9/8f(a/MBH). (39)
The dependence on the mass accretion rate is weaker than in the last regime. The efficiency
is:
ηjet ∼ 0.055β−1h α−5/60.1 (M˙/0.1M⊙s−1)−1/3(MBH/3M⊙)1/2
×(Rin/6Rg)−9/4f(a/MBH). (40)
In order for the disk to cool by neutrinos efficiently, the neutrino diffusion time tdiff,νe ≡
Hτνe/c must be shorter than the accretion time tacc ≡ 1/(αΩ)(R/H)2. This condition can
be expressed as
M˙/M⊙s
−1 . 2.2α
5/16
0.1 (MBH/3M⊙)
21/16
×(Rin/6Rg)51/32, (41)
and when the mass accretion rate exceeds this value, electron neutrinos are no longer able
to escape the disk. We call it M˙trap,νe . For the other kinds of neutrinos (νµ and ντ ), the
diffusion time is still shorter than the accretion time, so they can cool the disk efficiently.
This is the fourth regime, which we discuss in the next subsection.
2.2.4. p ∼ pgas, and optically thick νx cooling (2.2M⊙s−1 . M˙ . 4.1M⊙s−1 for our fiducial
parameters)
Even when the mass accretion rate is so large that νes are completely trapped in the
disk, νµs and ντ s emitted via the electron-positron pair annihilation process may escape the
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disk so long as their diffusion time is shorter than the accretion time. For those neutrinos,
the opacity is dominated by scattering on nucleons (Eq. 31). Then the cooling rate is
Q−ν ≃ 2×
(
2
4(7/2)σT 4
3τνx
)
≃ 2.0× 1035erg cm−2 s−1 T 211ρ−110 H, (42)
where the factor 2 in the first line represents the number of flavors of neutrinos that we
are interested in (νµ/ν¯µ and ντ/ν¯τ ). Substituting this Q
− into Eq. (5), we derive the disk
properties:
ρ ≃ 9.3× 1011g cm−3 α−1/20.1 (MBH/3M⊙)−1/2
×(Rin/6Rg)−3/4, (43)
T ≃ 1.3× 1011K α−1/30.1 (M˙/1M⊙s−1)2/3(MBH/3M⊙)−1
×(Rin/6Rg)−3/2, (44)
H ≃ 7.3× 105cm α−1/60.1 (M˙/1M⊙s−1)1/3(MBH/3M⊙)1/2
×(Rin/6Rg)3/4. (45)
The disk pressure is then
pdisk ≃ 9.9× 1030dyn cm−2 α−5/60.1 (M˙/1M⊙s−1)2/3
×(MBH/3M⊙)−3/2(Rin/6Rg)−9/4, (46)
and the jet luminosity is
Ljet ∼ 6.0× 1052erg s−1 β−1h α−5/60.1 (M˙/1M⊙s−1)2/3
×(MBH/3M⊙)1/2(Rin/6Rg)−9/4f(a/MBH). (47)
The luminosity now depends on the mass accretion rate in the same way as in the last regime.
The efficiency is
ηjet ∼ 0.033β−1h α−5/60.1 (M˙/1M⊙s−1)−1/3(MBH/3M⊙)1/2
×(Rin/6Rg)−9/4f(a/MBH). (48)
The timescale for µ/τ neutrinos to escape the disk diffusively is
tdiff ,νx ≃
Hτs,νx
c
≃ 5.2× 10−4s α−3/20.1 (M˙/1M⊙s−1)2(MBH/3M⊙)−3/2
×(Rin/6Rg)−9/4, (49)
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and the accretion timescale is
tacc ≃ 1
αΩ
(
R
H
)2
≃ 3.9× 10−2s α−2/30.1 (M˙/1M⊙s−1)−2/3(MBH/3M⊙)2
×(Rin/6Rg)2. (50)
Therefore, µ/τ neutrinos can escape an accretion flow without being trapped as long as
M˙/M⊙s
−1 . 4.1α
5/16
0.1 (MBH/3M⊙)
21/16
×(Rin/6Rg)51/32. (51)
At this mass accretion rate, there is a transition to the fifth and last regime, in which the
accretion flow is once more advection-dominated.
2.2.5. p ∼ prad + pe± + Σpνi, Q− ∼ Q−adv (4.1M⊙s−1 . M˙ for our fiducial parameters)
When the mass accretion rate is so large that the all kinds of neutrinos are trapped, the
accretion flow cannot cool and the flow is advection-dominated. In this case the pressure
would be dominated by several kinds of relativistic particles, photons, relativistic electron-
positron pairs, and all three flavors of neutrinos. We can estimate the disk pressure in a way
similar to Sec. 2.2.1 to find
pdisk ≃ 2.7× 1031dyn cm−2 α−10.1(M˙/10M⊙s−1)
×(MBH/3M⊙)−2(Rin/6Rg)−5/2. (52)
The jet luminosity is then
Ljet ≃ 3.2× 1053erg s−1 β−1h α−10.1(M˙/10M⊙s−1)
×(Rin/6Rg)−5/2f(a/MBH). (53)
As a result, the efficiency is the same as in Equation (16),
ηjet ≃ 0.018β−1h α−10.1(Rin/6Rg)−5/2f(a/MBH). (54)
2.3. The Order of the Transition Points
In the discussion above, we have picked out the four mass accretion rates that divide
the five states of an hyperaccretion flow. However, the sequence we have presented does not
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Fig. 3.— The four transition mass accretion rates as functions of the black hole mass. Here
we fix the other parameters as α = 0.3 and Rin = 6Rg. Note that, for canonical values of
these parameters (i.e. α = 0.1 and Rin = 6Rg), there is no change of the order of transition
points in this black hole mass range.
always apply. These mass accretion rates are functions of α, MBH, and Rin, and in some
regions of parameter space, the transition from advection-dominated flow to neutrino-cooled
flow (M˙ign) takes place at a higher accretion rate than the transition to optically thick flow
(with respect to νe). This means that the second regime of optically thick neutrino cooling
does not exist for these parameters. For example, we show the transition mass accretion
rates as functions of the black hole mass (while the other parameters are fixed at α = 0.3
and Rin = 6Rg) in Figure 3. One can see that there is a critical black hole mass at which
the first transition and the second transition change places, and also that for this choice of
parameters the mass accretion rate range of the optically-thin NDAF regime is quite narrow,
if it exists at all. In Figure 4we show M˙thick/M˙ign− 1 for various parameter sets as functions
of the black hole mass. For (Rin, α) = (6Rg, 0.1) and (4Rg, 0.1), the curve is well above
M˙thick/M˙ign−1, and the optically-thin NDAF regime exists for each of those parameter sets.
The general condition for such a change in the order of the transition points is:
α13/15(MBH/M⊙)
2/15(R/Rg)
−29/30 & 0.07. (55)
When this condition is satisfied, advection-dominated flow transforms directly to optically
thick neutrino cooling at (32). Figure 5displays the limited range of parameters satisfying
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Fig. 4.— M˙thick/M˙ign− 1 as a function of the black hole mass. Black and red lines represent
the case with α = 0.1 and 0.3, respectively, and solid, dashed and dotted lines represent the
case with Rin = 6Rg, 4Rg and 2Rg, respectively. The horizontal thin black line represents
M˙thick/M˙ign = 1.
this condition. In other words, except in the case of extreme values of the parameters, the
five states for hyperaccretion flows are ordered as we have described them.
3. Results and Discussion
3.1. Parameter Dependence of the Jet Luminosity
From the analytic model presented above, we can estimate the jet luminosity and ef-
ficiency expected from a hyperaccreton flow as functions of mass accretion rate for various
choices of parameters (α, MBH, Rin). Figure 6 shows how the jet luminosity based on the BZ
scenario (thick lines) depends on the mass accretion rate. The different lines show the results
for different parameters. We can see that with all parameter sets, the jet luminosity has a
significant discontinuity at M˙ign. This jump, as explained already, arises from the transition
between an advection-dominated accretion flow, in which neutrino cooling is not efficient,
and a neutrino-dominated accretion flow. In the top panel, we can see that for larger black
hole mass the mass accretion rate at which the transition from the advection-dominated flow
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Fig. 5.— The optically thin neutrino cooling regime exists above (and to the right) of the
marked plane in the parameter phase space of (α, MBH, Rin).
to the neutrino-cooled flow (M˙ign) is larger. The value of M˙ign rises from ≃ 5× 10−3M⊙ s−1
at MBH = 1M⊙ to ≃ 0.3M⊙ s−1 at MBH = 30M⊙. This is because the temperature of the
accretion flow is lower for larger black hole mass when the radius (in units of the gravita-
tional radius) and the mass accretion rate are fixed. Therefore, a larger mass accretion rate
is needed for an accretion flow around a larger black hole to cool efficiently via neutrino
emission.
A similar explanation also applies to the bottom panel, which shows the dependence
of the jet luminosity on Rin. Here, for smaller Rin the temperature of the accretion flow is
higher, which results in a smaller M˙ign and larger luminosity. Over the range of plausible
values of Rin, the variation of M˙ign is much smaller than for the dependence on MBH : it
changes by only a factor ∼ 4.
The middle panel shows that the jet luminosity depends quite strongly on the stress/pressure
ratio in the sense that for larger α, the luminosity is smaller; equivalently, M˙ign increases with
increasing α. Over a span of a factor of 30 in α, from α = 0.01 to α = 0.3, M˙ign increases
by a factor of 300. To interpret this behavior, we note that the inflow rate is proportional
to α (i.e. the accretion timescale is proportional to α−1). Therefore, when α is larger in
the radiation-dominated advective regime, the midplane pressure is smaller (eqn. 14). The
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Fig. 6.— Jet luminosity expected from the BZ mechanism (thick lines) and neutrino pair
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temperature is also lower (eqn. 20). These two trends together diminish the neutrino cooling
rate, forcing the transition accretion rate higher. They are reinforced by the scalings on the
opposite side of the transition, in which ρ ∝ α−13/10, while the temperature depends much
more weakly on α (only ∝ α1/5). Thus, the jet luminosity is strongly reduced by a larger
stress/pressure ratio.
Figure 7 similarly shows how the jet efficiency depends on our three free parameters.
As we have previously emphasized, the principal dependence is on accretion regime: the jet
efficiency is greatest when the flow is in the optically thin neutrino-cooling state. Although
this state occurs over different ranges of accretion rate for different black hole masses, the
efficiency achieved there varies rather little withMBH. On the other hand, even after allowing
for the different accretion rate ranges in which the flow is neutrino-cooled, it is quite sensitive
to both α and Rin/Rg. In that favored regime, ηjet is roughly ∝ α−1. Still more dramatically,
a factor of 3 decrease in Rin/Rg leads to a factor of 30 increase in ηjet at the respective peaks
of jet efficiency in the optically-thin neutrino-cooled state—and this comparison is taken
at fixed f(a/MBH), whereas realistically one would expect smaller Rin/Rg to be associated
with more rapid spin and therefore a significant increase in f(a/MBH). Note that in a
small region of the lower panel ηjet > 1. While possible, in principle, in a BZ process, our
Newtonian approximation is not suitable to explore this regime.
3.2. BZ versus Neutrino Annihilation Jets
Neutrino-antineutrino annihilation into electrons and positrons (hereafter “neutrino pair
annihilation”) above the accretion flow (Eichler et al. 1989) is another mechanism proposed
for the energy source of relativistic jets that power GRBs. It is worth comparing the lumi-
nosity and efficiency of such neutrino pair annihilation driven jets with the BZ driven jets
expected from our NDAF model.
In estimating the energy deposition rate due to neutrino pair annihilation above a
hyperaccretion flow, we adopt a simplified formulation: the accretion flow is assumed to be
geometrically thin (i.e. neutrinos are emitted from the equatorial plane), and we neglect the
bending of neutrino paths and the gravitational redshift. The energy deposition rate per
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unit volume above the accretion flow can then be calculated from
l+νν¯(νiν¯i) = A1
∑
k
∆Lkνi
d2k
∑
k′
∆Lk
′
ν¯i
d2k′
[〈ǫ〉νi + 〈ǫ〉ν¯i] (1− cos θ)2
+A2
∑
k
∆Lkνi
d2k
∑
k′
∆Lk
′
ν¯i
d2k′
〈ǫ〉νi + 〈ǫ〉ν¯i
〈ǫ〉νi〈ǫ〉ν¯i
(1− cos θ),
(56)
where A1 = σ0(C1+C2)νiν¯i/(12π
2c5m2e) ≈ 1.7×10−44cm ergs−2 s−1 andA2 = σ0(C3)νiν¯i/(4π2c) ≈
1.6 × 10−56cm s−1 are the neutrino cross section constants for electron neutrinos (Ruffert
et al. 1997). Here ∆Lkνi and 〈ǫ〉νi are the neutrino luminosity coming from the k-th cell in
the accretion flow and the mean neutrino energy, respectively. For the neutrino emissivity
distribution in the accretion flow, we adopt a simplified model: neutrinos and antineutrinos
are emitted with a Fermi-Dirac distribution function with a zero-chemical potential and a
temperature
Teff(M˙, R) = T
st
eff(M˙ign, R)
×


0 M˙ < M˙ign
(M˙/M˙ign)
1/4 M˙ign < M˙
(M˙trap,νe/M˙ign)
1/4 M˙ > M˙trap,νe .
(57)
where T steff(M˙, R) = (Q
+/σ)1/4. According to Zalamea & Beloborodov (2011), such a simpli-
fication does not change the results significantly. Integrating l+νν¯ over the volume for θ . π/4,
where θ is the angle from the rotation axis and R = 0 − 30Rg, we obtain the total energy
deposition rate via neutrino pair annihilation above the accretion flow.
We contrast the jet luminosity expected from the neutrino pair annihilation scenario
with the jet luminosity generated by the BZ mechanism in Fig. 6 (thin lines). In all but
the highest accretion rate state, the one in which all three neutrino flavors are very optically
thick, we see that the BZ jet luminosity (for our fiducial parameters) is many orders of
magnitude greater than the jet luminosity that would be produced by neutrinos. Even in
that state, the neutrino luminosity is generally two orders of magnitude smaller than the BZ
jet luminosity. In the accretion rate range most favorably to the BZ mechanism, the ratio is
at least another order of magnitude larger. Thus, even if f(a/MBH) is as small as ∼ 10−2,
the BZ mechanism dominates at all accretion rates; in its favored range, it can be as small
as ∼ 10−3 and still generate a larger luminosity than the neutrino mechanism.
When comparing the jet peak luminosity with those observed in typical GRBs, ∼
1050erg s−1, after beaming corrections (Ghirlanda, Ghisellini & Firmani 2006) we find that
with our fiducial parameters those require accretion rate larger than 0.003−0.01M⊙s−1. The
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drop by a factor of ∼ 5 in the efficiency at the transition M˙ign may be a mechanism that
strongly modulates the jet power, leading to the observed variability in GRBs.
4. Conclusion and Summary
We have examined the Blandford-Znajek jet luminosity and efficiency expected from
hyperaccreting black holes, investigating the possibility that such a jet can account for ob-
served GRBs. Following Krolik & Piran (2011, 2012), we estimated the Poynting luminosity
using a simple dimensional argument: we assumed that the intensity of the magnetic field
responsible for launching the jet is linked to the pressure in the innermost region of the
accretion flow. By using an NDAF solution at the innermost region of the accretion flow, we
have demonstrated that the luminosity of this Poynting-dominated jet can easily exceed the
energy deposition rate expected from neutrino pair annihilation above the accretion flow.
This means that MHD processes around the black hole horizon are a plausible mechanism
for the formation of the relativistic jets required from the observations of GRBs. In ad-
dition, we have derived the jet luminosity as a function of mass accretion rate and have
shown that it has a step function-like behavior at a mass accretion rate corresponding to
the transition between an advection-dominated accretion flow and a neutrino-dominated ac-
cretion flow. This means that the jet power suddenly drops when the mass accretion rate
decreases and crosses M˙ign. In the context of GRBs, this jump may correspond to switch-
ing on and off the activity needed for internal shocks. It may also explain the steep decay
(α ≃ 3−5;α ≡ |d logFν/d log t|) often observed after the prompt emission (Tagliaferri et al.
2005; Nousek et al. 2006; O’Brien et al. 2006). We have also shown that the MHD jet for-
mation process is most efficient when the accretion flow efficiently cools via optically-thin
neutrino emission. In this regime, the jet luminosity is proportional to the mass accretion
rate M˙ , i.e., the efficiency does not depend on M˙ .
We stress that the BZ jet luminosity is larger than the energy deposition rate via neutrino
pair annihilation whenever f(a/MBH) & 0.01. In the optimal accretion range of accretion
rates, this lower bound is relaxed by at least another order of magnitude. Thus, for the BZ
mechanism to dominate the neutrion mechanism, the central black hole must spin at least
moderately fast, and the magnetic field geometry must be reasonably well-organized in the
poloidal sense. However, as this lower bound on f(a/MBH) shows, these thresholds are far
from extreme.
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